The present paper reviews several approaches that can be used in capturing urban features in coarse resolution two-dimensional (2D) models and it demonstrates the effectiveness of a new approach against the straightforward 2D modelling approach on a hypothetical and a real-life case study work.
INTRODUCTION
Urban flooding has become an increasingly important problem and growing issue around the world. Since it continues to be regarded as an almost inevitable danger, the development of cost-effective flood mitigation strategies has become of the utmost importance for many cities, and particularly for those cities in developing countries where the financial resources for recovery from flood-related disasters are almost nonexistent.
Certainly, the use of physically-based computational modelling coupled with geographic information system (GIS) mapping is invaluable for this purpose. With instantiated models and specialist GIS flood mapping techniques it is possible to explore generation of floods and evaluate effects of different measures in response to any extreme event. Geo-referenced results from one-dimensional (1D) or 1D/two-dimensional (1D/2D) coupled models can readily be used to evaluate the potential scenario, communicate the risk of flooding and to gain insights into the nature of floods and their impacts on communities. The knowledge gained can then be transformed into a set of effective and acceptable actions to be taken by all who are affected (see, for example, Mynett & Vojinovic ) .
Effective communication of information and knowledge
gained from flood modelling work is the key to ensuring that all those concerned have a common understanding and can jointly implement each phase of the flood risk mitigation work. For example, information from a model becomes knowledge -generating only in so far as the end user interprets that information correctly (see also Abbott & Vojinovic ; Abbott & Vojinovic a, b) . Therefore, the provision of appropriate means to enable such a communication process is a challenge that faces all those involved in flood risk mitigation.
As a consequence, there is nowadays a range of modelling approaches available for modelling floods and developing flood mitigation strategies. For much the greater part, 1D hydrodynamic models are used as a standard industry practice.
More recently, however, model formulations have included a 1D representation of flow (i.e., below or above ground system) and a 2D representation of flow on urban surface (i. e., above ground system). Since the physical process of describing exchanges of flows between these two systems can be represented in different ways, the predictive capability of different modelling approaches can also vary. Furthermore, considerable attention needs to be given to the acquisition of good geometric and topographical data at adequate resolution in order to describe the primary features of the flow paths through an urban area. Given such instantiated flood models, it is then possible to begin optimising flood response actions and even introducing necessary modifications to the urban topography that are consistent with the appropriate planning criteria.
The paper reviews several approaches that can be used in capturing urban features in coarse resolution 2D models. It also attempts to demonstrate the effectiveness of a new approach that aims to capture small scale urban features which are presented in fine resolution data as we try to move from sub-grid scale to coarse resolution of 2D models. The approach used in the present work involves mathematical reformulation of the 2D numerical model to account for the change in storage and lateral fluxes for model discretization which is coarser than the available fine resolution Digital Terrain Model (DTM). This modelling approach enables more efficient model applications at coarse spatial resolutions while retaining information about the complex geometry of the urban environment.
The approach is illustrated on a case study work by building several 2D models using different model discretizations (from fine to coarse) and by comparing the results against the straightforward 2D modelling approach.
URBAN FLOOD MODELLING
Traditionally, drainage systems have been modelled using a 1D approach which was limited to modelling of flows within channels and/or pipes. A step forward has been the dual drainage concept, where urban surface is treated as a network of open channels and ponds (major system) connected to the channel/ pipe system (minor system), commonly referred to as 1D/1D approach. More recently, coupled 1D/2D models have emerged, in which channel/pipe network flow models are tightly coupled with the flood flow model that treats the urban surface as a two-dimensional flow domain. In these approaches, complex interactions that take place through surface/sub-surface links, are explicitly taken into account using adequate equations. Therefore, with the recent advances in numerical modelling techniques the greater majority of processes occurring within the drainage systems and urban floodplains can be represented reasonably well by the use of 1D, 1D/1D or 1D/2D modelling approaches.
The appropriate level of modelling for the assessment of particular issues depends crucially on the nature of the physical situation and on the availability of data. Where flood flows are confined to well-defined conduits, a robust 1D model can usually be instantiated and, once adequately calibrated and verified, its results may be considered reasonably safe for decision-making. However, the flows generated along urban areas are usually highly complex because the morphology of the urban surface is eminently artificial with correspondingly highly irregular geometries, and the flows may run contrary to natural flow paths. Such issues necessitate coupling of simulations using 1D and 2D model- Simulation using coupled 1D/2D models is a rather complex process, and as such it can take considerable computational time. These simulations are based on complex numerical solution schemes for the computation of water levels, discharges and velocities. The surface model (i.e., 2D model) simulates vertically-integrated two-dimensional unsteady flow given the relevant boundary and other ancillary conditions (e.g., resistance coefficients, etc.) and bathymetry/terrain (as provided by a digital terrain model of the catchment area); see Figure 1 .
The interactions between the below-ground (or minor) and above-ground (or major) system are determined according to the type of link. For example, discharges generated by pumping stations, weirs or orifices are regarded as the lateral inflows to the 2D model. Also, if the hydraulic head of pipe flow exceeds surface water level or bank levels (for open channels) then the discharge is computed by the weir (or orifice) discharge equation and it is considered as a lateral inflow to the 2D model (that is, the source term F s ).
For 1D models, the system of 1D cross-sectionalaveraged Saint-Venant equations which are used to describe the evolution of the water depth h and either the discharge 
where h is the water depth, Q is the discharge, β is the velocity distribution coefficient, x is the distance between chainages, t is time, F s is a source term, g is the gravitational acceleration, C is the Chezy number, A ¼ f (h) is the area of the flow cross section, which is a function of water depth, R ¼ A/P, is the hydraulic radius and P ¼ g(h), is the wetted perimeter.
For 2D models, the system of 2D shallow water equations consists of three equations: one continuity and two equations for the conservation of momentum in Cartesian coordinates. Mathematically, this can be expressed as (see also Vojinovic & Tutulic ):
where s is the water surface elevation, U and V are depthaveraged velocities, K xx and K yy are eddy viscosities and U s and V s are the velocities at the source.
In general terms, 2D flow simulation can be done on a structured or unstructured mesh -regular or irregular grid.
The former approach may appear more convenient as it can directly use Light Detection And Ranging (LiDAR) DTM data, thus has a simpler (matrix) data structure and is consequently easier to code. The latter, however, captures surface features much more efficiently, using triangulated irregular network (TIN), which adapts computational mesh to match boundaries of buildings, curbs, etc.
The following discussion concerns setting up of 2D models with regular grids and representation of buildings.
REPRESENTATION OF BUILDINGS IN 2D MODELS
Floodwaters flowing through urban areas follow different kinds of paths as the water moves through and around influence. Some of these approaches are described in Vojinovic & Abbott () and include the following methods.
Increased model roughness for building footprints
This method might be more suitable for coarse meshes where groups of cells are used to represent the bulk effect on flow of building groups (as opposed to individual buildings) ( Figure 5 ). It allows for storage effects and it also allows for variation of the roughness parameter to apply calibration to field data (Syme ). In terms of practical applications, this approach can be found troublesome as it is difficult to come up with appropriate roughness values, and since the friction factor holds a strong relationship to velocity, calibration to a single event can be unreliable
Blocking out model elements for building footprints by raising the cell elevations to a height that is above the flood level or lowering the cell elevations for those buildings that may act as storage areas
This approach can produce a flow pattern that is visually consistent with the conditions on the ground ( Figure 6 ). In this approach, it is important to elevate the bed of the building footprint cells to a certain height to ensure that the building is correctly represented (i.e., that the water level will not overtop the building) (see also Brown et al. ) .
It should be noted that using abrupt bottom elevations changes violates the shallow water equation assumption that the bed slope is sufficiently small to ensure that the sine and tangent of the slope are close in value to an angle itself.
However, as the flow is propagating around the buildings, this assumption may not necessarily be violated (see Alcrudo ) . It should also be noted that the representation of buildings through increased bed elevations can destabilise numerical solutions unless limiting conditions are introduced.
Using an energy-loss coefficient over the building footprints
As an alternative to the first approach, which is based on an increased Manning's n value (i.e., increased model roughness for building footprints), it is also possible to specify form-(and consequent energy-) loss coefficients to represent the fine-scale energy dissipation within and around buildings. This can be more correct as the energy-loss occurs mainly due to the water contracting and expanding as it flows through and around buildings. Although a 2D
scheme accounts for some of these form losses (e.g., the expansion of water downstream of the building), the fine scale losses that are not well represented, need to be included: hence the need for additional energy dissipation terms. Similarly to the first approach described above (i.e., increased model roughness for building footprints), this approach can also be troublesome as it is difficult to know what would be the appropriate form-loss values in advance.
Modelling buildings as 'porous' elements
This method requires modification of the shallow water equations and it may not be found feasible for applications where commercial software is used in the modelling work. 
REPRESENTATION OF KEY FEATURES WITHIN COARSE GRID RESOLUTIONS
Representation of key features within coarse models can be undertaken in several ways. 
is the discharge across the cell boundary in the x-direction; R n i,jþ1 is the discharge across the cell boundary in the y-direction; K is roughness factor which can be expressed using Chezy or Manning equations, and V is volume stored in the grid.
The numerical solution then resolves into solving for the water levels in the cells for a series of 1D channels, first in the x-direction and then in the y-direction. The water levels are determined at the cell centres and the discharges The 2D model is then able to cater for the flow emerging from a manhole and flowing over a dry surface. The condition at the front is also important. Here it is assumed that the front propagates across a cell with a velocity at any instant equal to the velocity u of the inflow to the cell (see Figure 11) . The cell is assumed to be wet (and the front can move to the next dry cell) when
where L is the cumulative distance (m) that the front travels within the cell since first arriving.
Note that on a sloping surface the front propagates at the speed associated with the (approximate) normal depth upstream which is used at the beginning of the computation.
Such a normal depth cannot exist on a flat surface, but the propagation is determined by the local velocity, which is a function of the time history of the forcing flow from the manhole(s), and possibly the rainfall runoff.
In the following case study work, the effectiveness of the two modelling approaches was compared:
1. the straightforward 2D modelling approach without any adjustments, and 2. the new method based on adjusted conveyance and storage characteristics.
Discussion of the case study work
Initially, a hypothetical case study work concerning flat and sloping surface was carried out. The purpose of this work was to verify the usefulness of the new approach on a relatively simple case that can be easily followed. The summary of the model results concerning Kuala
Lumpur case study are given in Table 1 . They are expressed the range of 97% (or 3% underestimation) to 111% (or 11% overestimation). For the straightforward 2D modelling approach, the difference for 4 × 4 m resolution was 145%
(or 45% overestimation). Therefore, for a case study area used in the present work, not only that the total inundated area is substantially different with coarser resolutions using the straightforward 2D modelling approach, but also the inundated depths were also significantly different. It appears that there is a strong sensitivity of the 2D straightforward 2D modelling approach to mesh resolution in terms of inundated area.
In terms of computational time, it can be observed that the model with higher resolution needed much longer computational time than the coarser models, roughly proportional to the number of grid cells. It is also worth noting that the new method based on adjusted conveyance and storage characteristics increased the computational time compared to straightforward model only marginally (12.9 min compared to 11.3 min). Therefore, the proposed method is a cost-effective way at achieving results close to a high resolution model by using a coarse grid model.
CONCLUSIONS
Several approaches to capturing key surface features in urban floodplains are reviewed in this paper. Particular emphasis was given to the use of coarse grid resolutions in 2D non-inertia models for which the new method was presented and corresponding case study results outlined.
These results suggest that, when using coarser grid resolutions a special care needs to be given to the choice of the 2D modelling technique which needs to be employed in the related work. An important message is that the straight- Certainly, the present paper does not suggest inferring universal rules from a relatively limited case study work.
However, the authors believe that the conclusions of the present study can be generalized to situations that have similarities with the present one, that is situations where the predominant phenomenon is overland flow (as it is the case with the case study work presented in this paper), and if it is represented relatively accurately by the sets of equations solved by the 2D non-inertia model and verified on the ground. Therefore, this type of approach demonstrates the possibility of applying a 2D non-inertia model more effectively in urban flood modelling applications whilst still making use of the high resolution of topographic data that can nowadays be easily acquired.
